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Abslracl In this paper, the alignment of the average bonding-antibonding energy 
E,,, between the hvo sides of heterojunctions and other relevant behaviour have been 
investigated. This study is based on the peculiarity of the atomic sphere approximation in 
the linear muffin-tin orbital band-structure calculation. Using E, as an energy reference, 
we have determined the valence band oiiset AEv-values for 16 heterojunctions. The 
calculated resub are in excellent agreement with the available experimental data, and 
the computational eiion required is way small. 
1. Introduction 
In several theoretical models of heterojunction valence band offsets AE, ,  a reference 
level which is aligned on the two sides of the heterojunctions was researched in 
order to determine the AE,-value. For example, the effective midgap energy EB 
of the charge-neutrality-point (CNP) model [I, 21 and E, of the dielectric4nidgap- 
energy model (DME) [3] as well as the average sp3 hybrid energy Eh of the ‘pinned‘ 
model in tight-binding (TB) theory [4] are the reference levels suggested by different 
researchers. 
Recently, we have also suggested a theoretical method [SI for A E ,  which took 
the average of the bonding energy and antibonding energy (it is called the ‘average 
bond energy’ hereafter) E,,, as a reference level. In this paper, we apply this method 
to the AE, calculations for 16 lattice-matched heterojunctions. The results show 
excellent agreement with expermental data, and the accuracy is comparable with 
that of tho= of the more elaborate self-consistent supercell interface calculations by 
the norm-conserving pseudopotential method (scrc) [6] and by the atomic sphere 
approximation (ASA) of the linear muffin-tin orbital (LMTO) method (scsc) [7]. 
2. Method of AEv calculation 
In the AE,  calculation of the TB ‘pinned’ method [4], for a heterojunction A-B, the 
maximum energy E, of the valence band and the average sp3 hybrid energy Eh were 
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determined by ’m theory. Then, the AE,-value (= [ E h ( A )  - &(A)] - [ E h ( B )  - 
E,(B)I)  was found. Similarly, in our A E ,  calculation of a heterojunction A-B, 
first the band structures and state densities of the materials A and B are determined 
by the scalar relativistic LMTO method. Then, the bonding energy Ebr antibonding 
energy E, and average bond energy E,,, are obtained from the following equations 
[s, 91: 
8 E . = ~ C C E , ( L ) = i / E p , ( E ) d E  1 
n=5 k 
Here, N is the number of unit cells, E,,(L) is the energy eigenvalue and p,( E) and 
p , ( E )  are the total state densities of the four valence bands and the four lowest 
conduction bands, respectively. Finally, A E ,  can be expressed as 
A E v  = [ & ( A )  - Ev(A)I - [ E m ( B )  - E , ( B ) l .  (4) 
It is obvious that the accuracy of this A E ,  calculation depends on the aligning 
situation of E , ( A )  and E,,,(B) at the heterojunction and the accuracy of the E,,- 
and (E, - E,)-values given by the band-structure and bond energy calculations. In 
the aw [I, 21, DME [3] and TB ‘pinned‘ [4] methods, a reference level ( E B ,  E, or 
E h )  which aligns at heterojunctions was assumed according to the neutral solid or 
dielectric screening effect without a direct numerical test. In contrast with these, in 
the present method, the alignment of E ,  at interfaces can be numerically tested by 
the bond energy calculation for superlattice molecular layers (this will be discussed 
in the next section). 
The muffin-tin basis in the LMTO MA method [lo] can be written as 
Here, L = q ,  t , l , m  ( q ,  1 and 1 ,  m are the indices of the atomic sphere positions and 
the states, respectively), .Si,& is the structure constant and the rest of the notation 
consists of the normal potenual parameters [lo]. In normal LMTO calculations, I’m‘ 
and Im include s, p, d states. Here the d state is the higher partial wave (unoccupied) 
and the outermost d electrons of atoms are treated as core electrons. In this paper, we 
let these higher d partial waves fold down according to the Lijwdin [ I l l  perturbation 
scheme [12], i.e. we let the l’m’ in the last term in equation (5) (namely the tail of 
the MT basis) include s, p, d states, while the Im in the h4T basis includes s. p states 
only. We apply this treatment to two a tom in the unit cell of Si, Ge, AIF‘, AlAs and 
AlSb (the d,, approach). For the materials ZnSe, ZnTe, CdR and HgR, we treat 
the outermost d electrons of the cations as valence electrons and the d electrons of 
anions are core electrons respectively (the d, approach). For GaAs, GaSb, InAs 
and InSb, both of these WO approaches, d,, and d,,, are used. 
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In the calculation of E,,,, we. use the Chadi-Cohen special k-points for Brillouin 
zone summation. We found from the test calculations for GaAs that the difference 
between the (E,,, - E,)-values obtained from a two-special-k-point and a ten-special- 
h-point calculation is only about 0.01 eV. In this paper, we. therefore adopt two special 
k-points. The calculated results are listed in table 1 together with the ( E h  - E")- 
values of Harrison and 'Rrsoff (the TB 'pinned' method). It can be seen that, although 
the (E,,, - E,)-values are obviously different from the (E,, - E,)-values, the material 
dependence of these two results is perfectly consistent. 
'hble L ' R e  calculated valence band maximum energy E., bonding energy Ebl anti- 
bonding energy E, and average bond energy E,, together with E,  - E, obtained by 
the dLL and dBL approaches, as wll as Eh - .% f" the 'In thmq' in [4]. 
si -5.49 533 -0.08 -0.13 0.05 -0.03 
Ge -623 4.31 -0.96 -057 -0.39 -0.32 
ALP -5.86 5.42 -0.22 -1.23 1.01 0.76 
ALAS -6.10 4.81 -0.65 -1.23 a59 0.46 
AlSb -5.90 359 -1.16 -1.32 0.16 0.23 
GaP -623 5.24 -0.49 -1.13 0.64 -6.31 5.24 -0.53 -098 0.45 0.66 
GaAs -6.52 4.39-1.07-1.30 0.23 -659 4.48-1.05-1.10 0.05 0.34 
GaSb -6.21 3.40 -1.41 -1.28 -0.13 -6.26 3.52 -1.37 -1.09 -0.28 0.14 
InAs -652 3.61 -1.46 -1.80 0.34 -658 3.62 -1.48 -1.67 0.19 0.47 
lnSb . -6.31 272 -1.80 -1.87 0.W -637 280 -1.80 -1.71 -Om 0.7.8 
ZnSe -7.59 4.56 -1.51 -256 1.05 1.69 
ZnTe -696 3.62 -1.68 -2.29 0.61 1.40 
a2 -7.27 283 -222 -290 0.69 1.43 
-7.41 278 -231 -2.62 031 
3. The aligning situation of E, at interfaces 
In the LMTO ASA band calculation of superlattices and the bulk, it is necessary to 
add 'empty spheres' to the most open paw in the unit cell 113, 141. The unit 
cell of (GaAs),(AIAs),(OOl) consists of (GaAs), and (AIAs), molecular layers. The 
atomic spheres and empty spheres in a (GaAs), or (AIAs), molecular layer corre- 
spond to those in a GaAs or AlAs unit cell in a one-to-one manner. We sepa- 
rate the &A potentials obtained by self-consistent band-structure calculation of the 
(GaAs),(AIAS),(001) superlattice into two sets which correspond to (GaAs), and 
(AIAs), molecular layers, respectively, and use them as the input of zincblende band- 
structure calculations (the frozen-potential approximation). In this way, the band 
structures and state densities of the (GaAs), and (AMs), molecular layers are found. 
Then, the E,,-, E,- and E,,,-values are obtained from equations (I), (2) and (3), re- 
spectively. 'Rble 2 lists these results for AIAslGaAs, AIAslGe and GaAs/Ge (referred 
to as ABlCD below). 
In table 2, it can be seen for the semiconductor pair M / C D  that the E,,,- 
values for the bulk material AB differ from those for CD. The differences lAE,,,I 
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are 0.42 eV, 0.31 eV and 0.11 eV, respectively. However, after they constitute a 
monolayer superlattice, these differences between the (AB), and (CD), molecular 
layers become 0.03 eV, 0.03 eV and 0.00 eV. It is obvious that the IAE,I-values in 
the heterojunction AB/CD decrease by about an order of magnitude relative to those 
between individual semiconductors AB and CD. Therefore, the E,,,-values are very 
close to aligned at the interface. The results are in agreement with the estimation in 
[4], i.e. [E,(B) - E,,(A)]/c, with the long-wavelength dielectric constant E, Y 10. 
From the data listed in table 2, one can find that, for example, in the 
(GaAs),(AIAs),(001) superlattice, a091 electrons are transferred from the higher- 
E,,, molecular layer (&), to the lower-E,,, molecular layer (GaAs),. Similarly, in 
(ALAS), (GeGe), (001) and (GaAs), (GeGe), (OOl), the numbers of valence electrons 
transferred are 0.056 and 0.035, respectively. We can consider that the valence elec- 
tron transfer between two semiconductors will cause the E, on the two sides of the 
heterojunction to align at this interface. 
Besides the above calculations of 1 + 1 superlattices, we have performed further 
supercell self-consistent calculations for the 3 + 3 (GaAs),(ALAS),(001) superlattice. 
In terms of the resulting band structure, the average bond energy E,,,, the valence 
band maximum E, and the valence electron number Q in each of the three (GaAs) 
molecular layers and three (AIAs) molecular layers are determined. These results 
are given in table 3. It is shown that the excessive number A Q  of electrons due 
to interface charge transfer are almost all collected in the two interface molecular 
layers, namely the %(Gab)  and 6-(AIAs) layers, and the valence electron transfer 
is also from the molecular layer corresponding to the high-E,,, bulk material (AIAs) 
to those corresponding to the low-E,,, bulk material (GaAs). The excessive electron 
number AQ is consistent with those in the case of the 1 + 1 (GaAs),(ALAS),(001) 
superlattice. In table 3 it can also be seen that the'E,-values in each molecular layer 
of the supercell are fairly close to each other. In particular, the difference between 
E,,, for the two sets of interface molecular layers, Le. 3-(GaAs) and 4-(AIAs), and 
1-(GaAs) and 6-(AIAs), appears to be only 0.01 eV. 
Table 3. The Em-> E,, Q- and AQ-valum in each of the six molecular layen of the 
3+ 3 (Gakr)3(AIA~)~(001) auperla_ttice obtained by supercell Selfamistent calculations. 
Value for the following molecular layen 
Parameter 
(unirs) I-(Gab) 2-(GaAs) 3-(CiaAs) &(MAS) 5 - ( A k )  6-(AIAs) 
Em (eV) -0.85 -0.87 -0.89 -0.90 -0.88 -0.84 
E" (ev) -1.10 -1.12 -1.12 -1.49 -1.48 -1.46 
Q (electrons) 7.994 7.995 8.092 8.006 8.005 7.908 
AQ (electrons) -0.006 -0.005 0.092 OM)6 0.05 -0.092 
The above numerical results demonstrate directly the alignment of the E,,,-level 
at heterojunctions. Therefore, it is reasonable to take E, as a reference level for 
determining the heterojunction valence band ofkets &Ev .  
4. Results of AE, and conclusions 
In terms of equation (4)  and the results listed in hble 1, the AE,-values fos 16 
lattice-matched heterojunctions are obtained and shown in table 4. The data listed 
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in the U column are obtained from the (E, - E,)-values listed in the d,, column 
in table 1. The values given in the BL column are those for compounds containing 
Ga, In, Zn, Cd and Hg; the (E,,, - E,)-values are taken from the d,, column in 
table 1, and the rest are the same as in the d, column. The results given by several 
’semiempirical methods’ (CNP [l, 21, Dh4E [3] and TB ‘pinned’ [4]) and self-consistent 
interface methods (sac [6] and sac 171) as well as the selfsonsistent dipole pm6le 
(SCDP) 1151 method and experiments are also listed. In this section, some of the 
important results will be discussed. 
Table 4 ?he AE,-Mlues given by the dLL and dgL approaches (this wrk), the CNP 
[2] DME [3] and ~a ’pinned‘ [4] methods in which reference levels were introduced. and 
the selfconsistent interface calculation methods sclc 161 and scrc r] as well as the msP 
method [U] in which the interface dipole effezl was included, and experiments. 
A E ,  (eV) 
lhis work Selfsonsistenl methods Semiempirical models 


















0.96 0.96 1.03 0.91 
0.98 0.98 1.05 1.03 
0.36 0.54 0.37 053 
0.59 0.40 0.61 0.27 
0.62 0.44 0.63 0.46 
1.44 217 1.58 
1.00 1.59 1.07 
0.89 0.83 
0.45 
a37 0.56 0.36 0.59 
a30 0.44 0.38 0.45 
0.47 0.47 a38 0.46 
0.42 a31 
0.78 am 

















a91 0.91 0.79 
a34 0.46 0.10 
0.84 0.87 am 
039 ass 0.12 
030 0.38 0.09 
OS7 0.45 0.69 
054 0.43 033 
a45 0.32 0.66 
1.57 1.52 2.01 
1.13 1.20 1.35 
0.71 0.77 1.26 
a73 0.84 1.15 
0.34 0.93 
0.39 1.17 













a lhe aperimenu on the (110) interface are indicated Gtb an ssterisk (*). The other 
experiments were on the (Wl) interface, a c e p t  for CdTemgTe, which was on the (111) 
interface. 
4.1. Erects offhe d slate on rhe AE,-vnlue 
From the viewpoint of the theoretical model, the. present method is similar to the 
TB ‘pinned’ method of Harrison and Ersoff [4]. However, some of the important 
details in the calculation method are different. In fact, our results given by the 
U or BL approaches (see table 4) are in excellent agreement with experimental 
data, whereas some of the corresponding values obtained by the lB ‘pinned’ method 
obviously deviate from the experimental values. For example, the AE,-values for 
the common-anion heterojunctions APIGaP, AIAs/GaAs, AISb/GaSb and CdTe/HgTe 
are much smaller. These rather smaller AE,-values given by the lB ‘pinned’ method 
may be due to the omission of the d state in the m calculations of E, and E,, [16, 
171. In our LMTU SA band-structure and bond energy calculations, we consider the 
hybridization of the d state with the s, p states. The resulting electronic structures 
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are, therefore, closer to those in real crystals and the E,- and E,-values obtained 
are more reasonable. 
4.2. DjJwent trealments for the d state 
We found in our calculation that the resulting A E ,  depends not only on the d states 
but on the different treatments for the d state. Tible 5 gives the following results for 
GaAs obtained by the d, and d, approaches: E,, E,,, and the angular momentum 
decompositon of the wavefunction (the s function is zero and therefore not listed) 
contained in the eigenstate of the valence band maximum (rI5"). It can be found 
that, when the d,, approach is replaced by the d, approach, the partial wave state 
constitution of the As atomic sphere remains unaltered, while the d partial wave 
of Ga decreases obviously. lbgether with these, the E,-value increases by 0.2 ev 
the E,-value increases by 0.02 eV and E,,, - E, decreases by 0.18 eV. Similarly, 
in table 1, it can also be seen that, as the d,, approach is substituted for with the 
d, approach, the (E,,, - E,)-values for Gap, GaAs, GaSb, Inks and InSb decrease 
by 0.15-0.19 eV Therefore, in table 4, for AIP/GaP, AIAs/GaAs and AISb/GaSb the 
AE,-values (given by equation (4)) from the BL approach are larger than those from 
the LL approach while for GaP/Si and GaAs/Ge the BL results are smaller than the 
U results 
Table 5. The alculaled results for E,, E, and angular momenlum decomposition of 
Le wavefunction at valence maximum r l s v ,  for GaAs. 
dLL -1.30 -1.07 0.13 0.09 0.69 0.01 
dBL -1.10 -1.05 0.16 0.05 0.69 0.01 
4.3. Comparison with olher models 
Recently, Iambrecht et a1 presented three theoretical models, Le. the SCDP model 
[15J, the self-consistent dipole model [18] and the interface-bond-polarity model [19], 
in which the interface dipole effect associated with interface charge transfer is in- 
vestigated in detail. Their work showed that the interface dipole and dielectric 
screening play important roles in the energy band line-up. In several non-interface 
self-consistent models, e.g. the CNP, DME and lB 'pinned' models, the alignment of the 
reference levels E,, ED or E,, at interfaces is inferred from the interface dipole role 
or the dielectric screening effect without further strong numerical evidence. They did 
not demonstrate further the important role of interface charge transfer or interface 
dipole in detail. The present work is also a model with reference level alignment, 
but we perform a direct numerical test by investigating the relation between the 
interface charge transfer and the alignment of the average bond energy E,,,. Our 
results demonstrate the important role of interface charge transfer in energy band 
line-up. The interface charge Aq introduced in the dipole model [15, 18, 191 which 
determines the interface dipole simply corresponds to the transferred interface charge 
A Q  in the present model which causes E,,, to aligo'at interfaces. Both of these two 
models focus on the interface charge transfer. They differ in that, in the dipole 
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modcl, the role of charge transfer acting on energy band alignment is displayed by 
the charge-transfer-induced dipole whereas, in our model, it is shown by the charge- 
transfer-induced Emshift. The present method requires only calculations of the bulk 
material band structure and average bond energy E,; thus, it is more convenient 
than the dipole model for which the interface dipole calculations are required. 
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